v

$_~

4

NACA TN 3167

2996

NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

TECHNICAL NOTE 3187

THERMAL CONDUCTANCE OF CONTACTS IN AIRCRAFT JOINTS

By Martin E, Barzelay, Kin Nee Tong, and George Hollo

Syracuse University

Washington
March 1954

AEQR5900 m“ m
WN ‘adv) AHVHAIT HOaL




TECH LIBRARY KAFB, NM

IR

NATTONAL: ADVISORY COMMAITTEE FOR AERONAUT... k5837

TECHNICAL NOTE 3167

THERMAT. CONDUCTANCE OF CONTACTS 1IN ATRCRAFT JOINTS

By Martin E. Barzelay, Kin Nee Tong, and George Hollo
SUMMARY

Tests were conducted to determine the factors influencing the thermal
conductance across the interface between 75S-T6 aluminum-alloy and ATST
Type 416 stainless-steel structural joints. The type of Jjoints investi-
geted inecluded: bare metal-to-metal contact; contact surfaces coated with
zinc-chromete primer; contact surfeces separated by thin foils of good
conductors (aluminum foil and brass shim stock); contact surfaces sepa-
rated by thin sheets of insulation (asbestos); contact surfaces Joined
by strength-giving bonds (Redux and Metlbond); end riveted Joints. The
factors investigated were heat flow, temperature drop, temperature level,
and surface condition. Contact pressure was held constant in all the
work in order to permit a thorough investigation of the other parameters.

The experimental results gave evidence for the following conclusions:

1. The thermal conductance of the interface joint increases with
the mean temperature level, while it remsins approximately constant with
changes in heat flow.

2. Thin foills of good conducting materigls inserted between the
interfaces improve the heat transfer noticesbly.

3. Common strength-glving bonding materisls produce jolnts with
very poor thermal conductance.

k. It appears that across the interface joints none of the three
modes of hest transfer (namely metal-to-metal conduction, air-film con-
duction, and radiation) has any predominance over another. Furthermore,
it can be seen that there is an interdependence among these three modes
which has not previously been recognized.

INTRODUCTION

Before celculating thermsal stresses in aircraft structures encountered
in the high-speed flight regime, it becomes necessary to determine temper-
ature distributions. The temperature distribution in complex structures
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depends on, among other things, the thermal bond between adJacent struc-
turel parts. Determination of thermal bond involves egsentially an
evaluation of the conductance of the Joint, or the reciprocal quantity
known as thermal contact resistance. It is, therefore, of conslderable
importance to establish values of thermal conductance for types of Jjoints
in common use in aircraft structures and to establish le+4s which govern
conductance across an interface.

A survey of the literature indicates some introductory work in this
field. Jacobs and Starr in reference 1 investigated the thermal conduct-
ance of interface Joints between gold, silver, and copper in a vacuum
as a function of pressure at room temperature and at the temperature of
boliling nitrogen. In reference 2, Brunot and Buckland determined the
thermal resistence of Jjoints at the interface of laminated and cold-rolled
steel under various contact pressures and surface roughnesses. In refer-
ence 3, the thermal resistance of low-carbon steel joints was measured by
Kouwenhoven end Potter st two tempersture levels for various pressures
and surface roughnesses. The temperasture drop across the interface was
not a parameter In these tests. Weills and Ryder in reference L4 present
measurements of thermal resistance for dry and oil-filled Jjolnts of var-
ious materials as a function of pressure, surface finish, and temperature.
Heat flow and temperature drop were partially investigated as parameters.

It was the purpose of, the present experimental study to determine the
effect of certaln factors which influence thermsl conductance across the
interface of structural Jjolnts, including types of joints not heretofore
investigated. The factors included were heat flow, tempersture drop,
temperature level, and surface condition. Despite its importance as a
parameter in contact conductance, contact pressure was held constant in
the work reported herein in order to permit a thorough investigetion of
other pasrsmeters.

This investigation, conducted at Syracuse University, was sponsored
by and conducted with the financial assistance of the National Advisory
Committee for Aeronsutics. The authors wish to thank Mr. Joseph G. Cady
for his assistance 1n the development of test equipnment and procedures
end Mr. Robert Iester for hils assistance in conducting the test program.

SYMBOLS
¢ constent in modified Stefan-Boltzmann law
h conductance at interface, @Q/At, Btu/(hr)(sq £t)(°F)

K thermal conductivity, Btu/(hr)(£t)(°F)
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T, t
Tm, ‘bm

AT, At

exponent Iin modified Stefan-Boltzmann law

heat flow, Btu/(br)(sq £t)

thermal resistance of joint, 1/h, (hr)(sq £t)(°F)/Btu
temperature, °F abs (or °R) and °F, respectively

mean interface temperature, Op abs (or OR) and oF‘, respectively

tempersture drop et interface, °F abs (or °R) and °F,
respectively

distance in direction of heat flow, ft
constant in equation (8)
constant of proportionality

absolute or dynamic viscoslty of air, slugs/ft-sec

DESCRIPTION OF APPARATUS

A general view of the test Installation is shown in figure 1, and
the heating assembly and radio-freguency coll are shown in a close-up in
figure 2. In both of these figures the Insulation and the containers for
the insulstion have been removed. Details of the heating assembly are
presented in figure 3.

The apparatus used can be divided into the following groups:

(1) A heat source to furnish the heat input
(2) A heating head at high temperature to serve as & heat reservoir
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} A "heat meter" to measure the heat flow

} A pair of specimens to provide the interfaces to be studied

} A cooling head at low temperature

)} A heat sink or coolant to maintain the cooling head at low
temperature

) Imsulation and heat guard

) Temperature recording devices and controls

A description of each of the gbove items follows:

(1) Heat source: An electronic induction heater provided a maximum
output of 15 kilowatts by generating 225 amperes of radio-frequency cur-
rent at 510 to 540 kilocycles. The desired output was regulated by on-
and-off cyclic switching.



4 NACA TN 3167

(2) Heating head: The heating-head assembly shown in figures h(a)
end 4(b) consists of a heavy stepped cylinder of impure copper with a
stainlegs-steel plug. This combination furnished the proper resistive
and inductive impedance to load the heater. The smaller portion of the
copper cylinder which protruded below the heater coll served to minimize
the skin effect in induction heating. The whole assembly provided encugh
thermal inertis to steady the heat flow to the specimens as the radio-
frequency heater was swiltched on and off. The temperabture at the lower
end of the heating head was continuslly recorded by means of a Chromel-
Alumel thermocouple connected to a recording potentiometer.

(3) Heat meter: The heat meter, or rather the heat-flow meter, con-
sisted of & cylindricel piece of electrolytically pure copper 3 inches
in diameter and 4 inches long inserted between the heating head and the
upper specimen. A number of thermocouples were installed near the top
and the bottom surfaces of the cylinder. These were comnected to form
a thermoplle which gave the average tempersture gradient in the cylinder.
Thermocouples at the center of the cylinder measured the aversge temper-
ature of the cylinder. The heat flow 1s computed from the conductivity
of pure copper corresponding to the average temperature and the observed
temperature gradient.

(h) Specimens: The specimens are described in detall under
"Description of Specimens."

(5) Cooling head: The cooling head consisted of a copper cylinder
with a central axial hole and a number of small radlsl holes as shown
in figure 4(c). The radial holes were threaded end could be plugged by
machine screws. The coolant was asdmitted at the bottom of the cylinder
and flowed upwerd and outward through tiers of unplugged holes. The
location and the number of holes left open were used as a means of regu-
l1ating the cooling-head temperature.

(6) Coolants: The coolants used were compressed air and water.
Compressed ailr was taken from a 90-psi alr line of large capacity and
regulated by a throttling valve. Wabter was pumped into the cooling head
by a varlable-speed positive-displacement pump, pumping from a constent
head.

(7) Insulation: Except for a portion of the cooling head, the
entire dgsembly was insulated with dlatomaceous earth as seen in fig-
ure 3. This insulating material was held in place by a container made
of galvenized iron and asbestos boards. The galvanized lron formed the

lower part of the conteiner which was away from the heating coll. Despite

the distance from the coil, the galvanized iron was heated up somevhat
by induction and thus it indirectly served as a gusrd _to minimize the
radial heat flow from the specimens and heat meter inside, through the
Insulation.

P
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(8) Tempersture measuring devices: All temperatures, except that
of the heating head, were measured by lron-constantan thermocouples
connected to a self-compensating potentiometer.

TEST PROCEDURE

Theoretical Basis

From the basic Fourler equation, the steady-state heat flow at any
part of the heat path is giwven by

_ at .
Q=K% (1)

If the thermal conductance of the Interface is defined as

= 9
b= (2)
then
n(at) -k &£ : (3)
or
_ . db
h=K a;/At S (1)

The thermal resistance is defined as -’

H
i
B

(5)

The temperature at the boundary of a specimen can be cbtained by
extrapolating the temperature-distance relation existing in the interior
of the specimen. The temperature drop across the interface At is thus

determined. In equation (L) the product K %E_ is the heat flow per unit
area. This can be obtained by measuring the temperature gradient in the

pure copper and multiplying this gradient by the mean conductivity of pure
copper.
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Description of Specimens

The test specimens which were used to provide the interfaces for

testing were paired 755-T6 alumimm-slloy or AISI Type 416 stainliess-
gteel blocks 3 inches in dlameter and approximately 1 inch thick. The
types of joints represented by the specimens included: bare metal-to-
metal contact; contact surfaces coated with zinc-chromate primer; contact
surfaces separated by thin foils of good conductors (aluminum foil and
brass shim stock); contact surfaces separated by thin sheets of insula-
tion (asbestos) ; contact surfaces Jolned by strength-giving bonds (Redux
end Metlbond); and riveted joints. The surfaces used in testing were
clagsified, where pertinent, as to surface roughness as established by
the Brush surface analyzer and as to flatness by comparison with a
standard surface plate. The specimens with surfaces termed "as received"
were cut out from hot-rolled flat bar stock; the test surfaces were
cleened but not ground or polished in any way. The surfaces of all other
gpecimens were ground to the desired surface roughness on & Blanchard
surface grinder. In joints with bare metal-to-metal contact the aversge
surface roughness ranged from 6 to 120 microinches root mean square.
The everage flatness of the interfaces was £0.0002 inch except for those
tested in the as-received condition. Pertinent information about inter-
face characteristics, sandwich materisls, and riveted specimens is given
in table I.

Thermocouple Technique

Temperstures Wwere determined in the specimens and in the heat meter
by mesns of iron-constantan thermocouples. Wires of Brown and Sharpe
gage 30, the smallest wire practicable, were chosen to minimize the
instrumentation error. After the thermocouple bead was formed by a
specisl direct-current welder, the length of the thermocouple which was
to lie within the specimen was dipped in Glyptal lacquer to provide pro-
tection and insulation. Each thermocouple was then inserted in an
0.046-inch-diameter hole drilled to the proper depth and filled with wet
copper dental cement which when hardened served to hold the thermocouple
in place and provide good heat conduction. The various possible thermo-
couple locations in a pair of specimens (or in rivets where appropriate)
are shown in figure 5.

In determining tempersture gradients the temperature at a glven
transverse section through a specimen or heat meter was found from either
e differentially connected thermopile as shown in figure 6(a) or from the
average of individual thermocouples comnected as in figure 6(b).

Temperstures of the upper and lower specimen interfaces were obtained
by extrapolstion of readings of thermocouples (or thermopiles) installed
close to the interface. The extrapolation was made possible by lnstalling

a -
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an additional set of thermocouples in the specimens some distance away
from the interface to obtain the btemperature gradient existing in the
specimens,

Conduct of Tests

The equipment wes assembled as described above. All interface. junc-
tions were thoroughly cleaned with alcohol and acetone. Thin aluminum
foll was placed between all contact surfaces, except the interfaces to be
tested, to reduce undesirable temperature drops. Heat was then applied
and the specimens were brought up to the maximum temperature to be tested.
This procedure was intended to dry the insulation and drive off any vela-
tile material remaining on the interfaces after cleaning or in the thermo-
couple cement. The assembly was then allowed to cool to room temperature.

Despite 1ts importance as a parameter in contact conductance, con-
tact pressure was held constant at approximstely T psi in all the tests
in order to permit a thorough investigation of the other parameters.,

After the preliminary heating, the actual test began with a low heat
flow and at a low mean interface temperature level. With air as coolant
flowing at & low rate through the lower tier of holes in the cooling
head, the specimens were brought up to the desired temperature level
gradually. When the desired temperature was reached the heat input was
reduced to a steady-state heat flow. This was achieved by adjusting the
relative durations of heater-on and heater-off periods in a 120-second
cycle., The heating-head temperature which was continuously recorded
gave a rough indication of the direction of the necessary adjustment in
the heating cycle for reaching and maintaining & steady-state heat flow.
There was, of course, a time lag between the temperature veristion in the
heating head and in the specimen which had to be taken into account.

When a steady state was finally obbtained, as evidenced by constant tem-
peratures for a reasonable period of time, two successive sets of thermo-
couple readings were taken 1o maske sure the steady state was maintained.

In achieving a steady state a small adjustment was occasionally found
to be necessary to bring the temperature drop across the interface within
the desired range. This could be done by adjusting the rate of coolant
flow as well as 1ts passage through the cooling head.

Tests with other interface temperstures and other temnerature drops
across the interface were performed in the same manner. The coolant (air
or water), the flow rate of the coolant, and the coolant exit passage
location controlled the cooling-head temperature, while the off and on
proportion of the heating cycle controlied the heating-head temperature.
These in turn determined the temperature level and the temperature drop
at the interface.
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For a glven set of specimens the test results could be reproduced
fairly well after the specimens had been brought up to high tempersture
once. This was true only when the assembly was not disturbed. Rotating
the surfaces with respect to each other even slightly produced apprecieble
scatter in the results.

PRECISION OF DATA

It is virtually impossible to state in fixed percentages the errors
in the recorded readings, since there could be many sources of error with
varying degrees of influence for different sets of readings. It is,
therefore, appropriate to discuss individuslly these sources of error and
their influence on the final results. '

The most importent source of error was in the thermocouple readings
from which, directly or indirectly, all the numericel results were
obtained. When these reasdings were used to compute either the tempera-
ture drop or the tempersture gradient, the sbsolute errors in individual
temperature readings were of little comsequence so long as they were
uniform in all thermocouples. When the readings were used to determine
the temperature levels in the heat path, the physical phenomens involved
were not sufficiently sensitive for any normal error in the instruments
to be of comsequence. The thermocouples for any set of specimens were
made of wire from the same lot end read on the same potentiometer. On
account of this uniformity in the wire, the sensitivity of the potentiom-
eter became the determining factor in the accuracy of the computed temper-
ature gradients. With the length of thermocouple wire used, the sensi-
tivity of the potentiometer is +0.02 millivolt, or +2/3° F. By taking
the average of several readings, the maximum error originating in the
potentiometer, and reflected in the temperature drop measured, should be
about £1© F. The significance of this error depended on the magnitude
of the tempersture drop.

The second source of error wes in the nonparallel heat flow which
could be caused by (a) hest loss in the radisl direction and by (b) non-
uniformities in the heat path. The quality and the thickness of insula-
tion used were such that radisl heat loss to the surroundings was
insignificant. Although no measurement was made to determine this loss,
there was evidence for the above assertlon in that the metal container
holding the insulation W%as only slightly warm to the prolonged touch
except vhen 1t was being periodicelly heated by stray induction field from
the hesting coil. The nonuniformity of hest flow is of two origins. The
first 1s the nonumiformity inherent in the very nature of contact resist-
ance. The second 1s the disturbance created by the thermocouple inser-
tion. Nothing can be done with the first. The second can be and was
minimized as previously described in the section "Thermocouple Technique."
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The maximum varistion in the readings of thermocouples installed at the
same level was sbout 8° F in aluminum specimens and 150 F in stainless-
steel specimens, and about 3° F in the copper hest meter. Most of the
experiments were carried out with these thermocouples in a differential
thermopile and, therefore, the varistion in readings of the individual
thermocouples at the same level was not known. The value that prevailed
was probably much less than the maximm figures quoted ebove. It seems
certain, however, that most of the observed varistion was due to the
previously discussed nonuniformity of heat flow except perhaps at levels
near the cooling head, where the top 2 inches were insulated in the sanme
manner as the heat meter and specimens, but the lower part was exposed
and mey cause some irregularities in heat £flow at lewvels Just above.
However, the temperatures and thus the temperature gradient along the
heat path were determined from the average readings of seversl thermo-
couples installed at different polnts at a given level, and this aver-
aging process served to alleviate the significance of the unavoidable
nonuniformity.

Precise measurement of the axial location of thermocouple beads was
necessary to the calculation of temperature gradient. The thermocouple
beads were assumed to be located at the same level as the mouth of the
holes. This assumption Involved s slight error as the drilied holes
could not be exasctly stralght. A few specimens were cut apart after the
tests to determine the exact bead locations. It was found that there
was never more than 0.0l inch difference between the level of the bottom
and the mouth of a hole. This difference was considered to be of little
consequence.

Other sources of error were believed to be insignificant in compar-
ison with those discussed sbove. These sources included (a) variation
in coolant temperature during the period when the temperatures were being
recorded, (b) heating of the specimens due to stray induction field, and
(c) heat loss along the thermocouple wire.

RESULTS

The results of the tests made to determine the conductance of various
interface configurations are glven in table IT. This table records the
temperature drop across the interface, the quantity of heat flowing, and
the interface conductance for each test configuration (with a given test
number) at a series of mean interface tempersatures.

The mean temperature level of the interface ranged from 150° to
500° F in different sets of specimens. Heat flow of approximately 2,000
to 50,000 Btu/(hr)(sq ft) produced temperature drops across the interface
ranging from a few degrees to about 150° F for bare joints and those with
good conducting foils and to about 350° F for insulating types of Jjoints.
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The results reported can be used quantitatively in actual engineering
analysis provided that most of the idealized experimental conditions are
clogsely duplicated in an actual design. Otherwlse, they serve to indicate
qualitatively the relationship between the amount of heat transfer and the
various pertinent factors in an actual structural joint.

Typical sets of data from table II were plotted in figure T for
three different types of Joints in order to show the relationship of
thermal conductance to temperature drop for various mean interface temper-
atures. It may be seen ih figure T that there 1s a slight decrease in
interface conductance h with Increasing temperature drop At across
the Joint. This tendency prevailed everywhere when h was plotted against
At for other sets of specimens, It was assumed that a part of this
decrease was due to heat losses and an attempt was made to verify this
assumption by repeating several tests with the heat meter beneath the
specimens instead of gbove the specimens as in figure 3. WNo satisfactory
conclusion was reached becsuse of the difficulty in mainteining an iden-
tical contact of surfaces while moving the heat meter. TFurther experi-
mentation is needed to elarify this point since up to now no valid physical
explanation has beén found for the veriation in interface conductance with
temperature drop across the joint. It should be noted, however, that the
conductance of the interface Jjoint remains spproximately constent with
changes in heat flow (table ITI).

It may alsc be seen in figure 7 that the conductance at a Jjoint
increased with mean interface temperature. _This increase, apparent .in
Tfigure 7 for the three typical joints for which the data were plotted,
is clearly seen from figure 8, which will bé discussed in the following

paragrephs.

The joints tested in this program were clessified by types and the
complete data for related types of joints were plotted in groups of curves
in the different graphs of figure 8. These graphs represent the primary
body of data in this program ss teken from table II,

The most noticeable feature of all the curves of figure 8 is the
increase of conductance with the Increase in the mean Interface tempera-
ture. This tendency is reconcilable with theoretical considerations as
is discussed in the followlng section.

The root-mean-square surface-roughness reading waes considered as a
parameter for the aluminum-sluminum joints in figure 8(a). Other things
being equal, it is expected that the smoother the interfaces in contact
the higher will be the conductance. In this conmection, i1t may be remarked
that although root-mean-square reading in itself 1s not an exact criterion
of roughness 1t may be considered so when all surfaces are machined 1in
the same way and hence have similar "wave forms." This tendency in the
variation of conductance with surface roughness is generally borne out in
the results obtained. There were a few instances of discrepancies,

L]
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however, which arose from the fact that an importent factor, the flatness
of the surfaces, was also Involved but unaccounted for. For instance it
is seen that ass-received surfaces which had the lowest root-mean-square
readings had much poorer conductance than the machined surfaces with
higher root-mean-square readings, by a margin larger than what may be
ascribed to the thin oxide scale on the as-received surfaces.

Unfortunately the flatness of a surface cannot be meaningfully
represented by a numerical paremeter. Although the maximum deviation in
the surface from an ideal plane is some measurement of flatness, 1t gives
no information concerning the condition of mating. Thus the same pair of
surfaces mated in different ways yielded different results (tests 1
and 4); and sometimes surfaces with lower roob-mean-square readings
produced lower conductance values than another pair of surfaces with
slightly higher root-measn-squere readings (tests 5 and 6).

It is seen then that there are three important factors affecting
the character of the contact and thus the conductance of the Joint. These
factors are (1) the roughness as measured by root-mean-square readings,
(2) the flatness as measured by the meximum deviation in the surface
from an ideal plane, and (3) the way in which the surfaces are mated.
Where the effects of items (2) and (3) are essentially alike the data
of figure 8(a) indicate that the smoother the interfaces in contact, the
bigher will be the conductance.

The conductance dats for aluminum-aluminum Joints with various
sandwich materials between the joints are presented in figure 8(b). The
good conductors such as aluminum foll are seen to glve conductances
almost 10 times those for the poor conductors such as asbestos, Redux
cement, and Metlbond. What is of greater interest, however, is that the
aluminum-foll sandwich shows as good conductance values as the best plain
aluminum surfaces (as seen in fig. 8(a)) despite the interposition of an
additional lsyer of materisl and an additional interface. A part of the
improved conductivity may be ascribed to the better contact provided by the
thin foll compared with that of solid blocks.

Deta for the riveted aluminum specimens are given in figure 8(c).
For these specimens, the conductance calculated was based on the total
cross-sectional area of the specimens, that is without subtracting the
rivet area, which accounted for less than 1 percent of total area per
rivet. Owing to the discontinuity created by the rivet, the heat flow
became nonparallel nesr the rivet. Therefore, the conductance value
determined can be considered only a nominal value.

The difference in conductance between the one- and three-rivet
specimens does not seem to be significant, despite the additional heat
paths provided by two more rivets. As noted in the discussion above the
flatness and mating of the surfaces were probably of significance despite
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the similarity in root-mean-squaere roughness for the one- and three-rivet
specimens. A definitive statement cannot be made at this time since
insufficient dats are availsble.

The behavior of the riveted specimens indicated by curves A and B
of figure 8(c) is also of considersble interest. As this set of speci-
mens was heated to a mean interface tempersture above 400° F an appre-
ciable drop in conductsnce was noted. Upon reheating, as seen in curve B,
the specimens behaved in an entirely different mammer, indicating that
new conditions had been established in the joint. Several explanstions
may be advanced for this behavior. The most logical of these assumes
that, as the setup was heated and the top specimen expanded more thsn
the bottom one, the rivet was able to slip in the top specimen while
sti11l clamped in the botbom. Since at the same time the poriion of the
rivet at the interface could expand the condition was finally reached
where slight separation of the interface could taeke place. At this time
the conductance would fall off sharply as observed (curve A). Upon
cooling the Interface, the gap would be closed, but the mating conditions
would not be exactly the same as before. The set of specimens would then
behave as a new set (curve B). If curve B is extrapolated it is seen to
coincide with curve A at a mean temperature of 500O F, the highest point
taken in the first heating. This explanation is borne out by a study of
temperature distributions within the rivet and specimen, typical samples
of which are shown in figures 9(a) and 9(b). In these typical samples
the temperatures were those recorded before the slippage took place.

Stainless-steel and stainless-steel-sandwich conductsnce data are
plotted in figures 8(d) and 8(e). No additional explanation of these
data 1s necessary since the observable trends are the same as those pre-
viously discussed in this section for aluminum joints.

DISCUSSION

The heat transfer across the surfaces in contact may be considered
as consisting of three separate modes: (1) the heat transfer across
points in actual contact, (2) the heat transfer through the thin air film
by conduction (or by diffusion, to be exact), and (3) the heat transfer
by direct radietion. Various investigators in the past have held dif-
fering opinions sbout the relative importance of these three modes of
heat transfer. The results of the present experimentation do not seem
to indicate the predominance of any single mode.

Weills and Ryder stated in reference 4 that, since the conductivity
of metallic substances is of the order of a thousand times that of air,
most of the heat transfer must take place “through the points of contact.
However, according to Holm in reference 5, For two rigid surfaces the
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actual points of contact are few and small. For heat flux to go through
these few points it would have to follow devious paths and the resistance
along these paths could be higher than the alr gap resistance. Thus,
other investigetors such as Keller (ref. 6), in discussing heat trans-
mission in strip coll anmnealing, state that approximately 98 percent of
hegt flow is by conduction across the gas film. The results of this
experimentetion do not seem to support this estimate.

The evidence against the predominance of any particular hesb-transfer
mechanlism mey be presented as follows. If the heat transfer takes place
meinly st the actusl points of contact then the so-called contact resist-
ance 1s physically fictitious, for the contacts as such are imaginary
fragmentary surfaces of no thickness and hence no resistance, The appar-
ent resistance messured is due to a decrease of average temperature
gradient at polnts away from the contact surface caused by the resistance
of heat path near the surface. For a given assembly of specimens the
geometrical pattern of flux lines and equipotential lines should not
change with respect to either temperature level or flux density except
for a small variation of conductivity of the metal at different tempera-
tures. However, the thermal conductance of the interface, as measured,
showed appreciable increase with the increase of temperature level, as
previously mentioned in comnection with figure 8.

Now this increase of thermal conductance seems to be gqualitatively
compatible with the contention that the transfer of heet takes place
meinly through the air £ilm, since according to kinetic theory of gases
the thermal conductivity of air is proportionsl to i1ts dynamic viscosity.
For the temperature range encountered the dynamic viscosity of air can

be represented Dy v = (3.5 + 0.005%) x lO"7 slug/ft-sec. From this it
can be deduced that

dh__ 5 ol (6)
dtm 3,500 + Sty

L
h

by assuming the mean tempersture level to be the meen temperature of the
air £ilm (see sppendix A). The guantity on the left-hand side can be
obtalned from the experimental data and checked against the value pre-
dicted by the equation. It was found that, in the case of specimens with
flat ground surfaces, the formula gave slightly lower values while for
those with less flat as-received surfaces it gave values two-thirds that
of the experimental results. This disparity cannot be reconciled with
the belief that the heat transfer took place primarily by conduction
through the air £ilm, for in that case the formula should predict the
results more closely in the caese of tests with as-received surfaces where
the contact was poor and, hence, the sair-film conduction was more impor-
tant. It should be reelized that, while such indirect evidence 1s not
sufficient to establish constructively any physical law, it does serve to
discredit the validity of certalin bhypotheses; in this case the hypothesis
is that air-film conduction is predominant.
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The role played by direct radiation 1s also controversial because
of seemingly conflicting evidence (refs. 2, 3, 4, and 6). If one assumes
that the radistion 1s the only mechsnism of heat transfer, then the con-
clusion is that the heat transfer should follow roughly the generalized
Stefan-Boltzmann law,

q = cfny® - 77 (1)

with n 1ying between 4.6 and 5.0 (ref. 7). It was found, indeed, that
the different sets of results in this experiment could be represented
rather closely in this form (figs. 10(a) to 10(d)), but the value n 1is
too small to indicate a predominesnce of heat transfer by direct radia-
tion. The value of n obtained by empirical curve fitting can, however,
very well be some measure of the importance of the direct radiation. A
detailed discussion of this empirical relation is postponed to the end
of this sectiom.

Up to this point the discussion has been confined to examination of
the possibility of any single mode of heat transfer across the interface
being predominant, and it was pointed ocut that several of the previously
mentioned investigators had attempted to estimate the relative resistance
in each of the possible modes. These estimates were based upon the
assumption, stated or implicit, that the heat transfer by one mode was
independent of the existence and intensity of the other modes. This
regsoning is perhaps summed up by the suggestion in the discussion fol-
lowing reference 2 that the contact resistance should consist essentlally
of three parallel resistances: (1) the contact resistance of the direct
metallic bond, (2) the air-film resistance, and (3) the radiation resist-
ance across the air film. But here again, as in previous estimates,
application of the stated principle did not lead to agreement with data
presented end explenations fell back on speculetlon as to whether assump-
tions of the relative emounts of heat transferred by each mode were
correct.

In examining the previously mentioned simple analog it becomes
apparent that the mutual independence of the eir-film resistance and the
radiation resistance might be assumed but certainly not the independence
of the contact resistance and other two resistances. A more appropriate
model is therefore shown in figure 11. In this model, the contact
registance does not exist explicitly. It is embodied only in the topology
of the network. This dependence upon the topology together with the
nonlinear character of the alr-film and radiation resistances makes the
separate determination of the resistances unprofitable.

The phenomenon described above can also be deduced from purely
mathematical reasoning. The temperature distribution is governed by the
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linear Iaplace equation in the solid body and at points of contact and
by the nonlinegr boundary conditions at points where the surfaces are
separated by eir film. The problem as a whole is, therefore, nonlinear
and 1ts solution cannot be obtained by superposition.

One might argue that, if the points of actual contact are evenly
distributed over the surface and the film thickness 1s statistically
uniform, the topological structure of the domain is then more or less
known. Such a distribution, however, is unlikely on rigid surfaces
machined by ordinary means.

As mentioned previously, by borrowing the equabtion of radiation and
allowing n to assume lower values, equation (7) was found to be a good
empiricel formuls for the over-all heat transfer. The curves in fig-
ures 10(a) to 10(d) were plotted with values of n fFfound by trial and
error. The values are tabulated as follows:

Interface Joint n
Aluminum and aluminum (test 5) 3.0
Aluminum end aluminum, as receilved (test T) 2.5
Stainless steel and stainless steel (test 23) 2.0
Aluminum, sluminum foil, and aluminum (test 9) 1.6

Except for the first case, 1t is seen that the value of n dJdecreases
with the decreasing importance of radiation relative to conduction. Var-
lous conJectures can be advanced to explain the relative order of the
value n found empirically, but 1t was felt that there was not enough
experimental evidence to elaborate at this time. It rmst be remarked
here that the apparent "good £it" of the points to straight lines in
figures 10(a) to 10(d) was to some extent due to the masking effect of
the scele that had to be used in these plots.

Mgebraically equation (7) is equivalent to
n-1
h =neT, (1 + ¢) (8)

where e is less than 0.001 (see appendix B for this development).

Thus the empirical relatlion implies that the thermal conductsnce h
is a function of mean temperature level only, a fact only approximately
true. A logarithmic plot of h versus Ty 1s given in figure 12. There
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is en appreclable scatter in the points. Theoretically, the slope of

the stralght lines in figure 12 is equal to n - 1. There is, however,

g difference between the values of n determined by the two different
methods of plotting because, when there is a scatter of points, a curve
best representing a set of points in one plot may not be mathematically
equivalent to that in another plot. In conclusion, it must be emphasized
that this part of the discussion was included as a possible first step

in finding a usable empiricsgl formula for the thermal conductance of
surfaces in contact.

CONCLUSIONS

The following conclusions have been made upon examination of the
experimental results of thermal-conductance measurements:

1. The thermal conductance of the interface Joint increases with
the mean temperature level, while it remains spproximately constant with
changes in hest flow.

2. Thin feils of good conducting meterials inserted between the
interfaces improve the heat transfer noticeably.

3. Common strength-giving bonding masterials produce Jjoints with
very poor thermal conductivity.

4, It appears that across the interface jJoints none of the three
modes of heat transfer (nsmely metal-to-metal conduction, air-film con-
duction, and radiation) has any predominance over another. Furthermore,
it can be seen that there is an interdependence among these three modes
which has not previously been recognized.

5. The results reported herein can be used quantitatively in actual
englineering anslysis provided that most of the 1dealized experimental
conditions are closely duplicated in an actual design. Otherwlse, they
serve to indlicate qualitatively the relstionship between the amount of
heat transfer and the various pertinent factors in an actual structural
Jjoint.

Syracuse University,
Syracuse, N. Y., April 8, 1953.
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APPENDIX A
DERTIVATION OF EQUATION (6)

From the data presented graphically in reference 8, the viscosity-
temperature relabtionship at stmospheric pressure wilthin the temperature
range encountered in this experiment can be expressed by the linear
equetion

v = (3.5 + 0.005t) x 1077 slug/ft-sec

The mean free path of molecules in this temperature range 1ls a few
microinches. (See ref. 9.) The average film thickness is estimated to
be seversl times the mean free path. Thus the law of conduction holds
approximately, and for a glven palr of surfaces the film conductance is
proporticnal to the conductivity of the air which in turn is propor-
tional to the viscosity. Hence,

h =7 = A(3.5 + 0.005tp) x 10~

where A 1s the constant of proportionality. The elimination of A
leads to equation (6):

_ 5 oF-l

dh
dtm 3,500 + Sty

1
h
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APPENDIX B
DERIVATION OF EQUATION (8)

In equation (7)

and

Tgn = (Tm - %)n

Since AT'<< Tm, the binomial series expansion of the above equation will
converge and

3
Q = 2¢ [ﬂmn-l % + n(@ - l%j!n -~ 2) Tmn_B(%) + . . _-\

%=h=cn‘]1mn—l[l+(n"l;in-2)($__z>2+. . :]

or (eq. (8))

h = enT P1(1 4+ ¢)
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TARTE T
TEST SCHEDULE AND DESCRIPTION OF SPECIMENS
Description Surface roughness
Test | Specimen Flaz?-.en?s, Average Max
Specimen Sendwich root mean ok
materisl material square, peax,
uin. pin.
1 |38 and 39 758-T6 None | eeeeens 12 and 12 | ceveeee
2 {34 and 35 T58-T6 Hone |  coeevee 0 and 30 | ceeecns
3 |34 and 35 T58-T6 None ] eeeeee 30 end 30 | ceeeen.
4 |38 and 39 T58-T6 Nome | eeveees 12 end 12
5 125 and 26 T58-T6 None 1315 and 360 | 70 and 100|290 and 40O
6 |17 ang 18 T58-T6 None 1300 and 160 | 60 and 70O {220 and 360
T |46 end 47 a758-T6 None 1580 end 355 8 and 8 40 and 100
8 |46 and LT b758-T6 None +580 and 355 6 and 6 60 and TO
9 |38 and 39 758-T6 Aluminum foil®| ....... 12 and 12 | eeeeees
10 {38 and 39 T58-T6 Alumimm £o11®] ....... 12 and 12 | ceeeaee
11 |38 and 39 T58-T6 Brass shimd | ..... . 12 and 12
12 {38 and 39 T55-T6 Zine-chromate
primer = | seeeeens 12 and 12 cesenes
13 |34 and 35 758-T6 Metlbond
cement | c.eeee. 0 and 30 | ececcees
14 |38 and 39 T58-T6 Redux
cement ] .ceesees 12 and 12 | ccecee .
15 |38 and 39 T58-T6 Asbestos
sheet® | ....... 12 804 12 | ceeeess
16 | amd 45 £755-16 None |  eeveesn 12 and 12 cesnens
17 4L end 45 ferss-m6 None 12 end 12
18 {40 an8 L1 £755-16 Hone | eceeeans 12 and 12 | ceveees
19 |36 and 37 £r55-m6 Nore | eeennes 30 end 30 | .evee..
20 {42 and 43 hyss.m6 None |  ceenees 12 and 12 | ceeee..
21 |48 end 49 [Stainless steel None ciesenn 60 and 20 {250 end 60
22 148 and L9 |Stainless steel None |  ceeaeas 60 and 20 |250 and 60
23 |52 am 53 |Steinless steel Wone |  ceeeeces 42 and 45 145 and 200
2k |5k and 55 |Stainless steel None 40 and 30 [180 snd 120
25 |50 epd 51 |Stainless steel None 1150 and 185 [120 and 100 {400 and 450
26 |48 and 49 [Stainless steel [Aluminum £oilC| %75 and 75 60 and 20 |250 and 60
27 |48 and 49 |Stainless steel| Brass shimd | +75 end 75 60 and 20 [250 and 60

8ps received; sssembled with grains parallel.
PAs received; assembled with grains crossed.
CThickness of aluminmum foil, 0.0008 in.
dThickness of brass ghim, 0.0010 in.

©Thickness of asbestos sheet, 0.010 in.

fone rivet.
&gpecimens
hT’.h:t'ee rivets.

reheated after test 16.
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Figure 1.- General view of test installutions with insulatlion removed
from heating essembly.
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Figure 2.- Heating assembly and radio-~-frequency coil
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Figure 3.~ Details of heating assembly.
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Figure 8.- Variation of Interface conductance with mean interface temperature.
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Figure 12.-~ Logarithmic plot of variation in interface conductance with
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